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AN INVESTIGATTION OF THE USE OF ROCKET-POWERED MODELS FOR
GUST-ILOAD STUDIES WITE AN APFLICATION TO A TAILIESS
SWEPT-WING MODEL. AT TRANSONIC SPEEDS

By A. Jemes Vitasle, H. Press, and C. C. Shufflebarger

SUMARY

This report describes the results obtained in an investigation of the
use of rocket-powered models for gust-load studies. A technique for
rocket-powered-model testing in continuous rough air which incorporated
the use of a survey airplane was evolved. 1In order to test the technique
and at the same time obtain some information on the effecits on gust loads
of low damping in piteh, a tallless swept~wing model was flown through
rough air at Mach numbers of 0.80 to 1.00. The results obtained indicate
that the use of rocket-powered models for gust-loads studies is feasible
and practicael. The limitations of the technique are discussed and several
suggestions are given for improving the precision of test results.

The tailless model in rough air showed & pronounced pitching motion
at the short-period frequency. The load intensities showed a rapid
increase of roughly 85 percent as the Mach number increased from 0.8 to
1.0. Of this 85-percent inerease, 55 percent appeared to be assoclated
with the rapid decrease of the short-period demping in this Mach number
range. These results were in substantial agreement with the results
obtained from theoretical caleulations based on the use of power—spectral
methods of generalized harmonic analysis.

INTRODUCTION

The study of gust loads on airplanes and missiles hss been seriously
handicapped by limitations of existing experimental techniques. In gen-
eral, experimental studies of airplane response to gusts have been confined
to the NACA gust tunnel or full-scale flight tests. Reference 1, for
example, describes the gust-tunnel equipment and some tumnel test results.
Reference 2 presents an example of the recent use of flight testing tech-
niques in the study of airplane response to gusts. Existing gust-tunnel
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equipment, while useful, has been limited in speed, Mach number, and
Reynolds nunmber, aund further, permits determination of only the Initisl
portion of the model response to & single gust disturbance. TFlight tests
have permitted a wlder raenge of testing conditions for continuous gust
digturbances but have been limited by cost, availebility of airplanes,

and performence capebilities of existing airplanes. TIn view of these
limitations of existing experimental techniques for gusit-loads studies,

an investigation was undertaken of the feasibility of usling rocket-powered
models to extend the range of experimental studies.

As a result of this investigation, & procedure for testing rocket-
powered models in rough air was evolved. Thls procedure involved the fol-
lowing problems: +the choice of a flight time and path to insure f£light
through continuous rough air, a means of meessuring the intensity of the
rough air, and a model schedule which would provide sufficient record
length at given test conditions. The procedure evolved incorporated the
use of a survey alrplane and was applied by the actual firing of a test
model. The configuration used was a tallless swept-wing rocket-powered
model and covered the Mach number range of 0.80 to 1.00. This model was
chosen so that, 1f the procedure was successful, test data would also be
obtained on & configuration having low damping in pitch. The effect of
low damping in pltch on loads is of considerable interest since recent
theoretical results (ref. 3) had indicated that low damping in pitch could
be expected to glve rise to gizeable emplification of loads in rough air.

In the evaluation of the test results and in the associated theoret-
ical analysis presented, extensive use is made of the techniques of gen-
eralized harmonic analysis. The application of these techniques to the
gust-loads case is described in reference 3. These techniques appear
particularly useful in the present epplication because of the limited
date obtained from rocket-powered-model tests and the unconventional char-

acter of the configuration tested. The present report describes and eval-

ustes the test procedures evolved for rocket-powered-model studies in
rough air. The test resulte for the first model test are evaluated in
order to establish the characteristics of the loeds for this configura-
tion and their variation with Mach nunber and with damping in pitch.
Finally, an ansalysis almed at correlating these test results with analyt-
ical results is presented.

SYMBOLS
¢1/10 cycles to damp to one-tenth amplitude
c mean gerodynamic chord, ft

f frequency, cps
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o( )

o, ( )

o ()

acceleration due to gravity, 32.2 ft/sec?
altitude, Tt

moment of inertia of model sbout transverse axis, slug-ft2

Mach number

atmospheric static pressure, Ib/sq in.

period of motion, sec

normal-acceleration increment, g

wing area, sq ft

time, sec

total time, sec, or temperature of atmosphere, ©R

time to demp to one-half amplitude, sec

frequency-response function

derived gust velocity (ref. 4), ft/sec

model forward velocity, f£t/sec

weight, 1b

digtance, Tt

root-mean~square normal acceleration, g
air density, slugs/cu 't

power-gpectral-density function of an arbitrary disturbance
with respect to £ or @

power-spectral-density function of output or normal acceleration

power-spectral-density of input or vertical gust velocity

time displacement, sec

reduced frequency, 2xf/V, radians/ft
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» frequency, radians/sec
W

K mass parsmeter,

& aCr, o -
g —= op

do

%SL lift-curve slope, per radian

Subscripts:

exp experimentel

calc calculated

max maximim

TEST PROCEDURE

Atmospheric Turbulence Conditions Over the Firing Range

The development of & practical rocket-powered-model technique for
the study of gust loads requires the assurance that the model will be
fired through continuous rough air. Consequently, as a part of this
study, alrplane survey flights with a suitably instrumented propeller-~
driven fighter-type airplane were made of the firing range at the Langley
Pllotless Aircraft Research Station at Wallops Island, Va. The purpose
of these survey flights was to cbtain a working basis for selecting suita-
ble days and flight paths for rocket-powered-model tests in rough air.
These airplane flights served to establish that, in general, the required
conditions of atmospheric turbulence in clear air were most probsble with
strong westerly (off-shore) winds, particularly post-cold-frontal condi-~
tions. For these conditions, the turbulence intensity generally did not
vary to any great extent with distance along the firing course for dis-
tances up to 5 miles. Also, while the turbulence intensity tended to
decrease continuously with altitude from 1,000 to 2,500 feet, the turbu-
lence remained of sufficient intensity over this altitude range to meet
the requirements for the present tests. On the basis of these flights,
it was decided to schedule the first rocket-powered-model test for a post.
cold-frontel weather condition with strong westerly winds and a flight
path restricted to altitudes below 2,500 feet.

Model and Instrumentation

A tailless configuration having a h5° sweptback wing of 'aspect
ratio 6 and NACA 65A009 airfoil section was used in the present inves-
tigation. The principal features of the model are shown in the drawing
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of figure 1 and the photographs of figure 2. The wing was mounted on &
fuselage of fineness ratio 10 with the leading edge intersecting the
fuselage contour at the meximum diameter. Listed in table I are the
important physical characteristics of the model. Pwo flat-plate fins
were used to stabillize the model directionally.

The model instrumentation included a four-channel telemeter trans-
mitting measurements of angle of attack, normasl acceleration from accel-
erometers located at the center of gravity and in the nose of the model,
and total pressure. The accelerometers had a natural frequency of about
83 cps and 0.60 damping ratio; thus, the amplitude-response corrections
were negligible up to 50 cycles per second. Trackling instrumentation con-
sisting of a CW Doppler radar set and a modified SCR 58U radar tracking
unit were used to obtain model velocity and position in speace.

Model Preflight Tests

Vibration test.- Prior to flight testing, the following model vibra-
tion frequencies were determined by suspending the model from shock cords
attached to forward and rearward sections of the fuselage and mechanically
vibrating the model by & mechanlcal shaker mounted at the center of gravity:

Wing first bending frequency, CPS « ¢ ¢ o ¢ ¢ ¢« o « o o « o o o« & o 33
Wing second bending frequency, CDE .+ « o « o o o « « o« « o o o o« o A4k

Tongitudinal stability test.- The longitudinal stebllity charascter-
1stics shown 1n figure 3 were obtained from previous flight tests in smooth
air of an ldentical model. These results were obtained by disturbing the
model in pitch with small pulse rockets and snslyzing the resulting short-
period free oscillation to obtain the longitudinal stebility characteristics.

Airplane Turbulence Survey

A test day was selected (Oct. 3, 1952) on the basis of meteorologicel
conditions discussed in a previous section of this report. A final.check
immediately before model launching wes made with the survey airplane
to determine the suitability of turbulence conditions. When the pilot
Judged that the intensity of turbulence was satisfactory, the preflight
airplane survey was completed to determine the intensity and variation
with altitude of the turbulence. Flight surveys along the firing course
were made at eltitudes of 500, 1,000, 1,500, 2,000, and 2,500 feet with
two runs, 4 to 5 miles in length, made at each altiitude (to-sea and
to-land directions). The recorded airspeed-acceleration date at each
altitude were evaluated to determine the gust velocities Uy, in accord-

ance with the revised gust-load formula of reference 4. Examination of
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these data indicated that the turbulence tended to be patchy and varied
somewhat along the flight path. However, no consistent variation with
distance from the shore was discermible. It was therefore assumed thaet
the flight data were independent of distance from shore, and "Go" and
"Return" runs at each altitude were treated as one set of date in deter-
mining the overall average variation of turbulence intensity with altitude.

The gust velocity equaled or exceeded on the average in 1.0 and
0.1 miles of flight is shown in figure 4 as a function of altitude.
Examination of figure 4 indicates that the turbulence intensity decreased
with altitude above 1,000 feet (in agreement with the pilot's report).
It should be noted, however, that the data of figure LI represent the
estimated variation of the average turbulence intensity and that con-
giderable variation from the average might be expected for short flight
distances due to the "patchy" character of the turbulence on the test

day.

Model Test

The model wes ground launched at an elevation angle of 28° by means
of & 5-inch fin-stebilized booster rocket motor. A photograph of the
model and booster on the launcher is shown in figure 2(b)}. TFollowing
booster burnocut, the model sepsraeted from the booster by means of the
difference in drag-welght ratio of the model and booster. After the
model experienced decelerating flight for 10 seconds, a 5%-—inch sus-
tainer rocket in the model ignited to accelerate the model to supersonic
gpeeds for the second time. The variation of Mach number along the model
flight path is illustrated in figure 5(a). By using a long delay in sus-
tainer firing, the record length at each test condition was effectively
doubled since the model covered the Mach number range 0.80 to 1.10 twice
in one flight. As given in table I, there was a small difference in
model weight and moment of inertia for the two portions of the flight,
before and after sustainer rocket burning. Atmospheric cornditions at
the time of launching were measured by meens of a radiosonde and the
variations of pressure, density, and temperature with altitude are shown

in figure 5(b).
ANATYSTS AND RESULTS
General Considerations
In evaluating the test resulte and in the associated theoretical
analysis to be presented, use is made of the concepts and techniques of

generslized harmonic snalysis. A study of the application of the power-
spectral methods of generalized harmonic analysis to gust-load problems
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is presented in reference 3. These methods permit the description of

the random atmospheric turbulence disturbance and the associated airplane
response in analytic form by means of the so-called "power-spectral-
density function." If y(t) is a random disturbance, then the power-
spectral-density function ¢(f) i1s defined by

2

o(f) = 1lim %f y(t)e 2ty (1)
T—ow 0 .

where f 1is frequency in cyecles per second, and the verticel bars desig-
nate the modulug of the complex gquantity. An equivalent and, perhapse, more
useful expression for ¢(f) is given by :

(2o}

o(f) = 4 L R{T)cos 2xfT dT (2)

where R(T)} is the autocorrelation function defined by

T

R(r) = 1im Lf v(5)y (s + T)at
Tesw L Jo
A useful property of o(f) 1s that
JF 8(£)af = Mean-square disturbance = y2(t) = 0@ (3)
G

In terms of the power-spectral-density functions, an input disturb-
ance and the output response for a linear system are related simply as
follows:

00 () = oy (8)] ()| )
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where

¢4 input disturbance such as the vertical gust velocity

®o output response such as the airplane normal acceleration
congidered hereln

|T(f)| amplitude of the system frequency-response function which in

the present application is the amplitude of the airplane
normel-acceleration response to sinusoidal gust disturbances
of frequency f

For =2 known input spectrum, equation (h) permits the determination of the
spectrum of the system response. This relation will be used in the ana-
lytical calculstion of spectrums of model normal acceleration in rough
air.

Aside from determining the mean-square value of the disturbance,
the spectrum in particular ceses also permits the determipation of other
statistical characteristics of the disturbance that are of interest. In
particular, if the disturbance has a normal (Gaussian) probasbility dis-
tribution with a2 mean value of zero, the probability distribution is
defined by the single parameter, the mean square. In the normal distri-
bution case, the root-mean-square value provides a simple and direct
measure of the disturbance intensity. Also, S. 0. Rice, in reference 5,
hes derived results which in specilal cases permit the derivation from
the spectrum of the average number of peaks per second that exceed a
glven intensity. This type of quantity is particularly useful for fatigue
studies. There is some indication as described in reference 3 that air-
plane gust loads may tend to have a normal distribution. As a consequence,
the normality of the observed distributions of intensity from the present
test results are of interest. The normality of the observed dlstributions
and the epplicability of relations given by S. O. Rice will consequently
be examined.

Experimental Results

Characteristics of time history.- As an illustration of the general
characteristics of the normsl-acceleration response for the present model
in flight through continuous rough air, two sections of record obtained
at Msch numbers of 0.83 and 1.00 are reproduced in figure 6. For com-
parison, portions of the normal-acceleration response in smooth and in
rough air of a geometrically similar model tested on the same day are
shown in figures T(a) and T(b), respectively. This latter model spent
only & short portion of ite flight time in rough alr as it reached a
meximm altitude of 6,200 feet. Figure T(a) shows the character of the
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records for smooth-air flight at a Mach number of 0.90 and an altitude of
5,700 feet. Figure 7(b)} shows rough-air flight at the same Mach number
but at an altitude of 2,700 feet. The smooth-air flight shows undisturbed
motion whereas the rough-alr flight shows disturbed motion similar to Tig-
ure 6. This comparison clearly indicates that the disturbed motion of the
present test is a comsequence of atmospheric turbulence and not some aero-
dynamic phenomenon such as buffeting. The presence of smooth air asbove
5,000 feet is also indicated by the extrapolation of the survey-ailrplane
data of figure k.

Evaluation of records.- When the test data were evaluated, the time
history of normsl acceleration at the center of gravity was divided into
sections in which the change in model forward speed was legs than 5 per-
cent. The total length of record available covered 22 seconds; however,
about 8 seconds of this record length was for power-on flight and for
chenging model trim 1lift and could not be used for analysis. Eight sec-
tions of record averaging sbout 1.7 seconds each for various Mach numbers
covering the range of 0.81 to 1.00 were obtained. The normal-accelerastion
data were read at intervals of 0.0l second and gave an average of sbout
170 data points per record section. The results of this basic-data eval-
uation are présented at the appropriate average Mach number for each test
gection and for the average altitude. TInitially, these results are pre-~
sented as measured; that is, no corrections for differences in turbulence
intensity with sltitude were made. In order to describe the character-
istics of the data in detail, the followlng types of results were
determined:

(a) Frequency distribution of measured normal-acceleration increments
(v) Power-spectral-density functions of normal acceleration

(c¢) Measured number of peak accelerations per mile of flight exceeding
given values

The frequency distributions of normal-acceleration increment for
each record section are presented in figure 8. Also shown in figure 8
for comparison are fitted normal-distribution curves which were deter-
mined from the value of the mean-square normel acceleration for each
record section.

The power-spectral-density functions for normsl acceleration were
computed from the time-history data by using the procedures recommended in
reference 6., Sixty estimates of power equally spaced over the frequency
range of O to 50 cps were obtained for each record section. These esti-
mates were faired and the results obtained are shown in figure 9 with
the ordinate having the dimensions of gz/cps and the abscissa given in
cycles per second. Because of the characteristics of the equations used
in deriving these estimates (ref. 6) each point on the curves of figure 9
represents an estimate of the average power of a frequency band width of



10 NACA TN 3161

3.3 cps. The direct effect of this band width in the present case is a
reduction in the sharpnesgs or peak values of these spectrums, as will be
discussed later.

The average number of peak-acceleration increments that exceed given
levels of intensity were determined from counts of peak accelerations on
the record and the results obtained are shown for each record section in
figure 10. The relationg derived by 5. 0. Rlce for the case of a normal
distribution permit the determinatlion of the number of peaks that exceed
given values from the power-gspectral-density function. These relations
were used with the spectrums of figure_9. The results obtained are also
shown in figure 10 and provided sz measure of the applicabllity of the
relations derived by Rice.

The significent results of the present test are summarized in fig-
ure 11 which presents the variation of acceleration increment with Mach
number as measured by the root-mean-square normal acceleration. In order
to obtain the variation of root-mean-square velues with Mech mumber, it

was necessary to adjust the test results for difference in turbulence
intensity at the' various altitudes. The results obitained from the
alrplane-survey data of flgure 4 were used in making these adjustments.
The measured values of ¢ were adjugted to the intensity level at an
altitude of 1,500 feet by multiplying the o of each record section by
the ratio of C%kgnmx at 1,500 feet to Qkkgnmx at the altitude for

the record section. The values of ¢ shown in figure 11, however, still
inelude minor differences in weight and moment of inertia of the model
as given 1in table I.

Analytical Calculations

In order to determine whether the observed characteristics of the
load history in rough air and their variation with test condition agreed
with what would be expected from theoretical considerations, the power-
spectral-density functions for normal acceleratlon were calculated. These
calculations were made for conditions (Mach number, altitude, weight)
corresponding to the actual model test conditions. These calculations
were mede with equation (1) and depended essentially upon the estimation
of the power spectrums of vertilecal gust velocity encountered by the model
and the model frequency-response functions for a vertical gust disturbance.
The methods used in estimating these functions are described in the fol-
lowing paragraphs.

Power spectrum of gust velocity.- The spectrums of atmospheric tur-
bulence required are the spectrums of the gust disturbances actually
experienced by the model at the varlous test conditions. Unfortunately,
direct estimates of these spectrums were not avallable as the model was
not equipped with any independent system of gust measurement. The
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survey-airplane measurements, although useful in establishing rough over-
all averages of gust-intensity levels, do not appear adequate for this
purpose for two main reasons. First, because of the patchy nature of the
turbulence, they do not permit the accurate determination of the turbu-
lence level for the short portion of the model flight path at a given
test condition. As a second limitation, the airplane-response measure-
ments, because of differences in natural freguency, did not provide a
relieble means of determining the gust spectrum over the range of shorter
wave lengths of importance to the model. Because of these limitations,
it was necessary to estimate the turbulence spectrum by other means as
willl be described in the followlng paragraphs.

The available measurements of the spectrum of atmospheric turbulence
in the free satmosphere have, in general, been obtained from measurements
of airplane response (see, for example, ref. 7). Although the spectrums
obtained varied In intensity, a common feature of the messurements so far
reported is the general shape of the spectrum. For the range of gust wave
lengths aveileble, from 200 to about 2,000 feet, the spectrums were roughly
inversely proportional to the frequency squared. However, it was antici-
pated that the model accelerations would arise principally from the gust
components having wave lengths between roughly 20 and 200 feet. A need
thus existed for the determination of the shape of the spectrum of gust
velocity over this range of shorter wave lengths.

Inasmuch as measurements of airplane responses do not reedily per-
mit the determination of the gust spectrum at the smeller wave lengths
of interest, recourse was made to some availlgble measurements of high-
fregquency alrspeed filuctuations obtalned in flight through rough air.
These measurements were obtained in flight at gbout 400 feet above ter-
rain with a lialson-type airplane. The airspeed-measuring system had been
specially designed for these tests to yield a flat response to disturbances
having frequencies up to 10 cps. (For the flight speed of this airplane,
this response corresponds to wave lengths of roughly 13 feet.) Since the
airplane can be reasonably considered to be longitudinally insensitive to
horizontal-gust disturbances of high frequency, it appeared reasonable to
assume that the high-frequency airspeed fluctuations were a direct reflec-
tion of the horizontal-gust fluctuations. A determinatlon of the spectrum
of these fluctuations indicated that the spectrum could be approximasted

by the expression 0.052/0° for the wave lengths of 13 feet to several
hundred feet. It is also of interest to note that some measurements of
the spectrum of vertical gust velocity recently obtained by the NACA by
using an angle-of-attack indicator confirmed this shape for the range of
wave lengths being considered. In view of these considerastions, it
appeared reasonsble to assume that the shape of the spectrum of vertical
turbulence encountered by the model could be approximated by the relation

¢; (0) = K/0? (0.003 < @ < 0.5)

where K 1s a constant and is a measure of the turbulence intensity.
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The value of X appropriate to the model test conditions was estl-~
mated from simple considerations of the relative gust experience of the
survey airplane for the model tests and the airplane used to obtain the
shape of the gust spectrum. Evaluatlions indicated that the gust intensi-
ties for the model test conditions at 1,500 feet were roughly 60 percent
as severe as those obtained from flights to determine the shape of the
gust spectrum. Since the spectrum is a function of the gust velocity
squared, the appropriate value for K would be 0.052 X (0.6)2 or
roughly 0.018. Thus, the spectrum of gust velocity assumed for the model
test condltione was

®;(Q) = 0.018/0°

This spectrum was assumed to apply to the model flight at the 1,500-foot-
altltude level.

Frequency-response funetion.- The analytical determination of the
freguency-response functlon for the present test conditions is a diffi-
cult problem because of the rapld changes in the serodynamic charascter-
istics in the transonic speed range and the lack of information on the
unsteady aserodynamic forces for gust disturbances in this region. As a
preliminery effort, simple estimates were used in order to determine
whether the spectrum of the measured load responses gnd their variations
with test condition agreed with what would be expected.

The procedure assumed that the model in penetrating a sharp-edged
gust behaves essentially as a one-degree-of-freedom system (vertical
motion only) up to the first pesk acceleration. For the present values
of mass parameter Hg (150), the first peak may be expected to occur at

about 12 chords of gust penetratlion. The response up to 12 chords was
estimated from the results of reference 8. Beyond 12 chords, it was
assumed that the model was free of the transient gust dilsturbance and
responded essentially In short-period longitudinal motion. From these
considerations, the model response to a step gust was taken to be repre-
sented by the following relations:

M(x) = Mgy sin 2— x (0 x € 128)
ke .

An(x) = Anmaxe‘b(x'lza)cos O (x - 128) (128 S x S »)
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where An ... is the first peak acceleration,

¢ = 0.821 foot

b = 0.693
1/27

_ ex
O = e

The model short-period characteristics Tl/é and P were obtained from

stability tests summarized in figure 3. Although this procedure for esti-
mating the step response 1s obviously crude, it was nevertheless believed
to reflect the essential variations of the load response -over the limited
range of test conditions.

The responses to the step gust obteined in the manner outlined were
in turn used to estimate the frequency-response function by the relation:

T(Q) = iQ fm An(x)e T ax
0

The integration was completed in closed form and the amplitude squared of
the frequency-response functions obtained (fig. 12) for the various test
conditions. The results are shown separately for the two weight conditioms.

Normal-acceleration spectrums.- From the calculated frequency-response
functions and the gust spectrum previously derived, the spectrums of accel-
eration increment were obtained by application of equation (1). The results
obtained are shown in figure 13 for the eight test conditions. The root-
mean-square values o were obtained from these spectrums through use of
equation (3). These root-mean-square values were used to obtain the curves
shown in figure 11, which represent the expected variation of the root-mean-
square value with Mach number for the two weight conditions corresponding
to before and after sustainer rocket burning.

Inasmuch a&s the measured spectrums of figure 9 represent an averaged
spectrum over a frequency band width of roughly 3.3 cycles per second,
the spectrums of figure 9 are not directly comparable with those calcu-
lated (fig. 13). In ordér to obtain calculated results that are directly
comparsble with those measured, these calculated spectrums of figure 13
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were modified by the use of an averaging function roughly equivalent to
the one present in the measured spectrums. Specifically, a trlangular
weighting function having a base band width of 3.3 cps was used. The
modified spectrums are shown in figure 14 (a) and apply to the turbulence
intensity of the 1,500-foot-altitude level. The measured spectrums of
figure 9 are for different altitudes and their corresponding turbulence
intensities. In order to make the measured spectrums of figure 9 directly
comparseble with the modified calculations of figure 1k(a), the measured
2
(Ude)1,5oo feet

spectrums of figure 9 were multiplled by the ratio

(Uhe)test altitude
and the results are shown in figure 14(b). In order to permit detailed
comparison between these measured and calculated spectrums, the ebscissa
scale of figure 14 has been amplified.

DISCUSSION

Characteristics of model rough-air response.- Exemingtion of the
missile normal accelerations in rough air, figures 6(a) and 6(b) indi-
cates that in rough air the model undergoes & sustalned and irregular
oscillation with an apparent predominant frequency at about the airplane
short-period frequency. TFor the two cases shown in the figure, the pre-
dominating frequency appears at roughly 12 cps at Mach number 1.0 and
gbout 10 cps at Mach number 0.83. These frequencies agree closely with
the model short-period frequency as indlcated by figure 3. That this
disturbed motion 1s a consequence of atmospheric turbulence and not of
some serodynamic phenomenon such as buffeting has been indicated by fig-
ure 7 in which the normal acceleration of & similar model at Mach num-
ber 0.9 is shown in smooth and rough air. In émooth air at the higher
altitude, the model apparently shows little disturbed motion; whereas, at
the same Mach number and in rough air at lower altitudes, the model
exhibits the same characteristic type of disturbed motion described in
the test-model measurements of figure 6.

Frequency distributions of accelerstion increments.- The frequency
distributions of the acceleration increments for the eight test sections
of record shown in figure 8 exhibit in almost all cases & unimodal char-
acter and appear roughly symmetrical with a mean of zero. Consldering
the small amount of data aveilable in eech case, the observed distribu-
tions appear to be approximated fairly well by the fitted normal-distribution
curves shown. It thus appears reasonable from these results to assume
that the distribution of the acceleration increment is roughly normal and,
&s a consequence, the root-mean-square value provides a direct megsure of
the response Intensity. Although'some differences in turbulence intensity
associated with the differences in altitude exist for the various test
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conditions of figure 8, the distributions show increases in spread as

the Mach number- increases. At the higher Mach numbers relatively more
observations are noted at the higher values of acceleration increment;
thus, en increase in the acceleration level with Mach number was indicated.

Peak accelerations.- The comparison of the peak accelerations obtained
by a count from the time-history records with those calculated from the
measured spectrums using the results of reference 5, in general, shows rela-
tively good agreement for the cases of figure 10. However, in some cases,
the results obtained by counting peaks on the record show sizeable depar-
ture from those calculated from the measured spectrums for the larger values
of M. This effect 1s possibly due to the small record length at each
test condition. TIn genersal, the results imply that the relations between
the spectrums and the pesk counts derived by Rice in reference 5 appesr
applicable and yield good approximations for the test condltions
investigated.

Power spectrums of acceleration increments.- Consideration of the
measured spectrums of acceleration increment of figure 9 indicates the
narrow-band-pass filter characteristics of the model respdOnse. These
measurements, as previously mentioned, actually represent averages over
frequency band widths of 3.3 cps. Thus the actuasl spectrums are even
more peaked. In each case, the spectrum is largely concentrated between
6 and 12 cps with some indication of a small secondary pesk at 35 cps or
the fundamental wing-bending mode. For both weight conditions, the spec-
trums, in general, exhiblt a progressive movement to higher frequency as
the Mach numbers increase; this movement reflects the increase in the
short-period frequency with Mech number. In addition, these spectrums
also show a general tendency for increasing peakedness with increasing
Mach number and reflect the deterioration of the short-period damping
over this Mach number range.

If the measured spectrums of figure 9 are compared with the calculated
ones in figure 13, it will be noted that a good correlation exists between
the distribution of the power between the sets of spectrums. In both cases,
the peaks occur close to the short-period frequencies. The measured
spectrums, however, are not as peaked as those calculated, the peak ampli-
tudes being in easch case roughly from one-half to one-third as large.

This difference, as previously mentioned, is in large part a congequence

of the band-width characteristic of the measured estimates. When the
calculated spectrums are modifiled to incorporate the same type of averages
over a band width of 3.33 cps and the measured spectrums adjusted for
turbulence-intensity variations, better agreement is obtained. However,

if the calculated and measured spectrums are compared in detail (fig. 14),
some differences are still present. These discrepancies srise from a num-
ber of sources. The principal causes appear to be assoclated with the fol-
lowing: rather large statistiecal fluctuations associated with the rela-
tively small semples (roughly 2 seconds in each case), the inasccuracy of
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the estimates of the turbulence intensity obtained from the alrplane sur-
vey data of the turbulence intensity for the short sections of record at
each test condition, and the crude analysis used in estimating the air-
plane frequency-response function. Since the first two sources of dis-
crepancy can in each case contribute variations of the order of +20 per-
cent, the obgerved dlscrepsncies appear to be within the precision of the
techniques used.

Variation of acceleration with Mach number.- The significant results
concerning the variation of acceleration with Mach number are summarized
in figure 11 which compares the measured and calculated root-mean-square
accelerations as a function of Mach number. In general, the experimental
data appear to follow the trends of the calculated curves. The root-mean-
square acceleration appears to increase from roughly 0.35g at a Mach num-
ber of 0.8 to 0.65g at & Mach mmber of 0.95, an increase of roughly
85 percent. Of this 85-percent increase, roughly only 30 percent appears
attributable to direct effects associated with speed increase and with
the change in slope of the 1lift curve for this Mach number range. The
remaining 55 percent appears to be essentially a reflectlon of the dete~
rioration of damping over this Mach number range.

It is of interest to note that two test values were obtained at both
Mach number 0.88 and 0.91 (fig. 11). Although the two test values at about
M = 0.91 are in good agreement, a difference of roughly 30 percent will
be noted in the two.values obtained at Mach nunber 0.88. Also, the experi-
mental value for Mach number 0.8l appears inconsistent with the remeining
experimentel results and roughly 30 percent higher than might be expected.
These results illustrate scatter previously noted in the more detailed
discussions of spectrums and essentlally reflect a limlted precision in
the technique used in the test.

Evaluation of technique.- The foregoing results indicate the applicae-
bility and limitations of the rocket-powered-model technigue for gust-loads
studies. Turbulence conditions suiteble for testing rocket-powered models
in rough air appear to exist over the model firlng range under some weather
conditions. These conditions can be predicted in advance for the purpose
of test planning. The airplane survey flights provided a rough overall
measure of the level of turbulence experienced.by the model. The results
of the Ffirst test show that the technique at present is suitable for the
study of large-order effects. In detall, the results (for exsmple,
fig. 11) show scatter. It thus appears that, although the present tech-
nique is suitable for the study of trends, it is not yet precise enough
for the study of small-order effects.

In the study of many gust-loads problems, greater precision than
obtained in the present test results 1s frequently desirable. The pri-
mary sources limiting the precision in the present test appear to be
associated with the patchy character of the turbulence, the inability of
the airplane survey data to describe precisely the level of the turbulence
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experienced by the model, and the statistical fluctuations introduced by
the short sampling length at each test condition. An increase in pre-
cision necegsary for making detailed studies can probebly be obtalned by
the following modifications in the technique:

(a) Greater selectivity in the choice of test conditions to obtain
more homogeneous turbulence

(b) Equip the model with an independent system for measuring the
turbulence such as a sensitive high-frequency airspeed-fluctuation
measuring system

(c) Obtain longer record samples by equipping the model with a slow-
burning sustalner rocket or by decreasing the rate of deceleration.

CONCLUDING REMARKS

The investigation of the application of rocket models for the study
of gust loads at high speeds has yielded information on the feasibility
and precision of the technique, the behavior of a tailless rocket-powered
model in rough air from Mach number 0.80 to 1.00, and the applicebility of
power-gpectral methods of analysis to measurements of this type. The
results obtained on each of these subjects are noted in the following
paragraphs.

A technique for testing rocket-powered models 1n rough air was
evolved and incorporated the use of a survey airplane. This technigue
in I1ts present form is feasible and practical for the study of large-
order effects on gust loads. The limited precision obtained in- the first
test indicates a need for refinements in order to permit study of small-
order effects. GSeveral refinements to the technique are suggested for
increasing the precision.

The tailless rocket-powered model tested showed the adverse effects
of low damping in pltch on the normal-acceleration response in rough air.
The model short-period frequency was dominant in the normal-acceleration
response. The load intensity as measured by the root-mean-square normal
acceleration showed a rapid increase of roughly 85 percent as the Mach
number increased from 0.80 to 1.00. Of this 85 percent, sbout 55 percent
appeared to be agsoclated with the rapid decrease in pitch damping over
this Mach nunber range. These results were in substantial sgreement with
theoretical calculations presented.

Power-spectral methods were used both in the evaluation of the test
results and in the associated theoretical calculations and proved a useful
means for both describing the test results and correlating them with the
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theoretical calculations. The measured probability distributions appeared
to approximete the normsl (Gaussian) distribution curve. The relations
derived by S. 0. Rice between the spectrum and the number of peak accel-
erations per second were spplied to the measured spectrums and yielded
satisfactory spproximstions to the observed results. These two results,
the normality of the observed accelerations and the apparent applica-
bility of Rice's results, appesr to make the power-spectral methods of
analysis particularly useful.

Lengley Aeroneutical Laboratory,
Netional Advisory Committee for Aeronautics,
Iangley Field, Va., Novenmber 23, 1953.
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TABLE I.- MODEL CHARACTERISTICS

Wing Dimensions:
Wing area (including fuselage), sgft . . . . . ..
Mean aerodynamic chord, £t . . . . . e e e e e e
Aspect ratio . . & ¢ . v c i s i s e e e e v e e

Taper ratio . « .« « ¢ ¢ ¢ ¢ ¢« 0 ¢ v ¢ ¢ o o ¢ s o«
Alrfoll section « v ¢« 4 ¢« &4 ¢ ¢ « 4 s s s @ e o« s

Mass Characteristics:
Before sustainer
rocket burning

Weight, 1b . . . . . . 85.3
Center-of-gravity locatlon,

percent M.A.C. (ahead

Of ToBe) v v v o v s o & -T7.5
Iy, slug-ft® . . . . . .. 5.10

19

3.88

0.821

6.0
0.60

: NACA 654009

After sustainer
rocket burning
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Figure l.- Physical characteristics of medel (all dimensions in inches).
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Flgure 2.- Photographs of model.
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(b) Model on launcher.

Figure 2.~ Concluded.
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Figure 3.- Model stebility characteristics.
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Figure k.- Variation of gust intensity with altitude as indicated by the
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Figure 5.- Model flight conditions.
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Figure 6.- Time histories of normal acceleration.
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